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ABSTRACT

The desire for a sustainable and clean energy future continues to concern the
scientific community. Green hydrogen production via water electrolysis offers a
sustainable, carbon-neutral pathway to meet future energy demands. However, most of
the energy lost in conventional water electrolysis is limited by the sluggish kinetics of
the oxygen evolution reaction (OER), leading to high overpotentials and reduced
system efficiency.

Considering the overall water splitting, the OER process requires a high voltage
to drive it; therefore, substituting OER with an electro-oxidation reaction with a lower
theoretical potential is an efficient methodology to alleviate this issue. Recently, as an
alternative to traditional hydrogen production from electrocatalytic water splitting,
many readily oxidizable molecules, including alcohols, have been deployed to replace
the OER process and improve energy efficiency. The ethanol oxidation reaction (EOR)
usually competes with the OER at working potentials, serving as an alternative anodic
process to overcome the kinetic limitations of OER. Developing highly active
electrocatalysts through simple and quick methods remains challenging. In response,
high-entropy materials have recently gained attention as promising electrocatalysts due
to their structural stability, tunable composition, and synergistic interactions among
diverse metal constituents.

Herein, we introduce the concept of a high-entropy layered double hydroxide
(HE-LDH) catalyst composed of Ni, Fe, Cu, Mg, and In, engineered to function as a
robust trifunctional electrocatalyst capable of efficiently driving the HER, OER, and
EOR. The HE-LDH was synthesized via hydrothermal treatment process at 120 °C for
12 hours, using a defined metal precursor molar ratio (Ni:Fe:Cu:Mg:In =
3:1:0.5:0.5:0.5). To further optimize performance, the etching process using a two-step
liquid-phase was applied for different etching times (10, 20, 20, and 60 minutes), with
the 20-minutes etched sample demonstrating the best electrochemical properties.

Different characterization techniques including X-ray diffraction (XRD),
Scanning Electron microscopy (SEM), Energy-Dispersive X-Ray Spectroscopy (EDS),
and X-ray photoelectron spectroscopy (XPS) were used to confirm the HE-LDHs.
Electrochemical tests in alkaline media (0.5 M KOH) for HER and OER; (0.5 M KOH
+ 1 M EtOH) for EOR were measured. The HER overpotential reduced from 507 mV
(NiFe-LDH) to 321 mV (HE-LDH), and further to 187 mV after etching. For OER,
overpotentials reduced from 169 mV (NiFe-LDH) to 150 mV (HE-LDH), and 143 mV
after etching, while EOR saw reductions from 148 mV (HE-LDH) to 143 mV after
etching.

Corresponding Tafel slope improvements were observed: for HER, from
266.61 mV/decto 136.69 mV/dec; for OER, from 226.64 mV/dec to 87.98 mV/dec; and
for EOR, from 100.01 mV/dec to 56.83 mV/dec. Electrochemical impedance
spectroscopy (EIS) and electrochemical active surface area (ECSA) analyses further
substantiated these findings. Charge transfer resistance for HER/OER decreased from
160 Q (NiFe-LDH) to 65 Q (HE-LDH) and 25 Q after etching, with ECSA increasing
from 0.079 mF/cm? to 0.32 mF/cm?. For EOR, EIS dropped from 125 Q to 40 Q after
etching, indicating improved charge mobility and catalytic site exposure.
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In addition, after 100 hours of continuous operation for both HER and EOR the
catalytic performance of et-HELDH (20 min) shows no obvious deterioration. The rich
selectivity of the elements and the fine regulation of the nanostructure injects new
vitality into the performance improvement of high-entropy catalyst. These findings
highlight the transformative potential of high-entropy engineering and fine
nanostructure control open opportunities to solve the problems of low intrinsic activity,
very few active sites, instability, and low conductance.

Keywords: Water electrolysis, Trifunctional catalysts, High entropy materials,
Layered double hydroxide, Hydrogen Evolution Reaction, Oxygen Evolution Reaction,
Ethanol Oxidation Reaction.
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CHAPTER 1. INTRODUCTION

1.1 GLOBAL ENERGY DEMANDS AND THE PROMISE OF
HYDROGYN AS A GREEN ENERGY CARRIER

In the 21 century, we are faced with a challenge, meeting the increasing global
demand, for energy while also addressing the negative impacts of climate change.[!!
The use of fossil fuel-based energy systems, which have been crucial for development
has proven to be unsustainable due to their limited availability and environmental
repercussions.!**! Since the industrial revolution, our reliance on fossil fuels has led to
a dramatic rise in CO; and other greenhouse gases (GHGs), which have significantly
contributed to global warming.!>®! Therefore, shifting towards alternative sources of
clean, sustainable, and renewable energy is crucial for achieving future energy
sustainability and ensuring global security.['%!!] According to a recent survey on the
availability of coal and hydrocarbons, it is very clear that in 50 to 60 years, there will
not be sufficient carbon to burn to meet energy requirements.l'>!¥l  Hence, it is
necessary to adapt to an alternate fuel source while simultaneously ensuring that the
new fuel we are introducing is not accompanied by any of the negative impacts of
carbonaceous fuels.!!214!

Hydrogen is the simplest element in the periodic table. Hydrogen gas is also one
of the lightest i.e. 14 times light compared to air and 57 times lighter than gasoline.
Apparently, hydrogen covers 75% of the universe’s mass. Hydrogen gas has a very
highly flammable range (between 4%-75% in air) in contrast to traditional fuels. Using
hydrogen as alternative fuel to conventional fuel could lead to a new era of cheap, clean
and renewable energy. Unlike other traditional fuels, when hydrogen is burned with
oxygen, it doesn’t emit any carbon base by product. The output of hydrogen combustion
with oxygen is water, electricity and heat energy. Therefore, Hydrogen can serve a wide
range of energy services.!'! Many countries like Canada, Scotland, Germany, and
Norway have already started to use the hydrogen as an alternate transportation fuel to
diesel and petrol. [6]

Hydrogen (H2) fuel has been identified as one of the top priorities by energy
researchers.!'”) Since H2 is clean and cost-effective, with high gravimetric energy
density (120 MJ/kg), it proves to be an energy alternative for coming generations.!'%!"]
Currently, around 95% of the world’s total hydrogen (H2) production (65
million tons) is done by natural gas reforming/combustion. which require high
temperature and pressure. The global hydrogen energy requirement has achieved 94 Mt
in 2021, which is a 5% increase from 2020.% Predictions show that in 2030 hydrogen
energy demand will reach 180 Mt, providing up to 18% of the world's final energy
demand, which benefits heavy industry, hydrogen-based fuels, and power generation.
(211 Currently, 75 Mt of pure H2 and 45 Mt of mixed gases with H2 are produced per
year.l””) The global hydrogen market will grow from $142 billion in 2019 to $209
billion in 2027. Green and sustainable hydrogen generation allows for low-cost and
highly efficient technology that is crucial for the deployment of the hydrogen economy
at the terawatt scale.[**) Otherwise, it is not possible for green hydrogen to compete with
grey hydrogen from fossil fuels (e.g., Methane reforming).

12



1.2 WATER ELECTROLYSIS AS A SUSTAINABLE PATHWAY
FOR HYDROGEN PRODUCTION

Electrochemical water splitting as a promising hydrogen production method
attracted great interest in the past decades.!”!®] Water electrolysis technology has
emerged as an alternative, reliable method for generating H2 as an efficient and
sustainable green energy. [**?°! Water electrolysis outruns the performance of most
other conventional techniques, which involve two half-reactions, namely HER and
OER.12%l Hence, electrochemical water splitting has been accepted as a means of
secondary storage of energy on a large scale as chemical fuel. With these requisites,
researchers worldwide recently accepted that H2 is the only fuel which can provide a
solution to all energy-related environmental problems and aid in making the Earth green
again.l*”-?1 At present, there are several methods for hydrogen production, namely
water electrolysis,*°3 photoelectrocatalytic water splitting,*-*¢1 steam reformation of
hydrocarbons,*’ " acidic hydrolysis of reactive metals and hydrolysis of metal
hydrides (also known as ‘on-demand H2 generation’)***? Among these, water
electrolysis is superior in many ways.[>>#-43 Photoelectrochemical water splitting is a
greener method for producing highly pure H2 because it directly utilizes photons to
generate H2. However, the quantity of H2 produced even after several days is still less
than 100 mL in volume, which means that although this method is greener, the poor
quantity of H2 produced per unit time makes it the least efficient option for H2
production; for the same reason, this method cannot be adopted for large and immediate
generation of H2.14647] Hydrolysis of reactive metals, metal hydrides and alkali and
alkaline earth metal borohydrides is a relatively rapid method of producing H2 in large
quantities. However, the sources are always toxic metals, metal hydrides and
borohydrides that are synthesized via fine chemical industries on a large scale while
polluting the environment. This means once again that this method cannot be adopted
as a greener way of producing H2 when very large amounts are required, although it is
rapid.[**->!) Steam reforming of hydrocarbons at high pressure and temperature is a large
scale H2 production method in current use. However, due to the use of high pressure
and temperature, it is as hazardous as carbonaceous fuels to the environment and also
to human health.?7**] Moreover, the H2 obtained by this method is of poor quality and
is always accompanied by oxides of N, S and C. Due to these impurities, the use of H2
obtained by steam reforming of hydrocarbons in fuel cells is not advised because the
impurities will poison the catalytic surface and reduce its cycle life drastically.!>>*]

Given that water electrolysis is the best method to produce highly pure H2 on a
large scale within short periods of time and with much less harm to the environment,
studies on improving the cell performance of water electrolysers are very attractive.
The following equation is the simplest description of the electrochemical splitting of
water into H, and O in neutral conditions. H>O(l) — Ha(g) + 1/202(1) EO =1.23 V vs.
SHE. However, to minimize the accompanying energy loss, water electrolysis should
be performed either in highly acidic conditions (such as in 0.5 M H2SO4) or in highly
alkaline conditions (such as in 1 M KOH).!?®33] Electrolysis carried out in both these
extreme pH conditions has its own advantages and disadvantages.
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1.3 ROLE OF CATALYSTS IN HER

Catalysts play a crucial role in enhancing the efficiency and viability of the HER,
a key half-reaction in water electrolysis for hydrogen production. The HER involves
the reduction of protons to molecular hydrogen at the cathode, a process that, in the
absence of a catalyst, is kinetically hindered and requires a high overpotential. Catalysts
lower this energy barrier, thereby accelerating the reaction rate and improving overall
energy efficiency. Platinum-group metals (PGMs), especially platinum (Pt), are the
benchmark HER catalysts due to their near-zero overpotential and exceptional catalytic
activity in both acidic and alkaline media. Tremendous advancements have been made
in recent years to replace these precious metals, particularly for HER, which had
previously been catalyzed solely by Pt.*3255] Materials such as 3d metal
phosphides, 133433557 sylfides,>® 67! and selenides!*>* 861 were recently reported to be
highly active for HER in both acidic and alkaline media. In some cases, these materials
were proven to be even more effective than Pt in high-current water electrolysis, with
better endurance in long term electrolysis.[1:33:43-87-89]

1.4 ROLE OF CATALYSTS IN OER

Catalysts are essential to overcoming the intrinsic sluggish kinetics of the OER,
the anodic half-reaction in water electrolysis, which involves the four-electron
oxidation of water to molecular oxygen. Due to its complex multi-step mechanism and
high energy barriers, OER typically demands substantial overpotential, significantly
limiting the overall efficiency of electrochemical water splitting. Catalysts reduce these
overpotentials by stabilizing reaction intermediates and facilitating electron transfer,
thus enhancing both reaction rate and energy efficiency. Concerning OER in acidic
conditions, IrO2 and RuO?2 are still the most stable catalysts.[*>*% Many attempts
have been made to use the 3d iron group metals by alloying them with minimal Ir or
Ru for applications in catalyzing OER in acidic environments. However, due to the
rapid solubility of Co, Ni and Fe metals, they are unsuitable for OER in acid, although
they possess impressive OER activity in alkaline medium.*>*°! Later, researchers
turned their attention to minimizing the use of Ir and Ru by alloying them with post-
transition metals such as Sn, Pb and Sb.”7!'% Although these post-transition metals
possess significantly lower OER activities, they act as stable synergistic materials with
oxides of Ir and Ru during OER in acidic environments.7-98:100.101.103-109T \faterials such
as 3d transition metal oxides,!!!!"!'* hydroxides, 7831131211 and LDHs 22137 have been
found to be better performing electrocatalysts for alkaline OER; they are frequently
reported with different structural and electronic modifications as nanomaterials.
Moreover, materials such as 3d transition metal chalcogenides,343%-5%138.13]
pnictogenides,?!>1%%1 and carbides!!*!14?] are also reported to be highly active pre-
catalysts for OER in alkaline conditions. Many of these materials have been shown to
be more active and stable than both Ir and Ru oxides for OER electrocatalysis in
alkaline medium. However, because Pt has poor HER kinetics in alkaline medium, the
advantages of these high-performance alkaline OER electrocatalysts received little
attention in earlier stages.!!*>'441 Then, catalysts based on transition metal phosphides
emerged in the field of water electrolysis with good HER kinetics in alkaline medium;
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these discoveries raised hope that highly active alkaline OER electrocatalysts could be
used in combination with transition metal phosphides for total water splitting. [31-35-5]

1.5 MOTIVATION AND SCOPE OF THE RESEARCH

The increasing global demand for sustainable and clean energy sources has
placed green hydrogen at the forefront of energy research and development. Among the
various production routes, water electrolysis powered by renewable energy has
emerged as a promising and environmentally benign method for generating high-purity
hydrogen. However, one of the major technical challenges limiting the widespread
adoption of water electrolysis is the sluggish kinetics of the OER, which significantly
increases the required energy input and reduces overall system efficiency. To address
this challenge, the design and development of highly active, stable, and cost-effective
electrocatalysts for both the HER and OER are of critical importance. Traditional noble-
metal-based catalysts, while highly efficient, suffer from scarcity, high cost, and limited
long-term stability. This creates a compelling need to explore alternative catalyst
materials that can deliver comparable or superior performance. High-entropy materials,
particularly HE-LDHs, offer a new horizon in catalyst design due to their exceptional
structural versatility, compositional tunability, and synergistic effects arising from
multi-element interactions. Incorporating multiple metal species in equimolar or near-
equimolar ratios enhances the catalytic active site density, electron transfer properties,
and overall durability. Moreover, the potential of HE-LDHs to serve as trifunctional
catalysts simultaneously catalyzing HER, OER, and EOR presents an exciting
opportunity to develop integrated and energy-saving approaches for hydrogen
production and green chemical synthesis. This research explores the concept of HE-
LDHs as trifunctional catalysts for HER, OER, and EOR in alkaline media. The scope
includes a systematic investigation of compositional effects, defect engineering, and
structure—activity correlations, with the goal of understanding and optimizing the
catalytic mechanisms at play. The study seeks to position HE-LDHs as next-generation
catalysts that address existing performance gaps in sustainable electrochemical energy
systems.
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CHAPTER 2. LITERATURE REVIEW

2.1 THERMODYNAMICS AND KINETICS OF WATER
ELECTROLYSIS

Water electrolysis is an electrochemical process that utilizes electrical energy to
split water (H20) into their elemental gases; hydrogen (H2) and oxygen (O:). Water
electrolysis is widely considered a promising method for storing renewable electricity
in the form of hydrogen fuel. This reaction occurs within an electrochemical cell that
consists of two electrodes (anode and cathode) immersed in an electrolyte, which serves
to conduct ions and separate the half-reactions spatially. Upon application of external
voltage, water molecules undergo redox (reduction-oxidation) reactions at the electrode
surfaces. Anions migrate toward the positively charged anode where oxidation occurs
(loss of electrons), while cations move toward the negatively charged cathode where
reduction takes place (gain of electrons). The overall reaction is a redox process,
involving both oxidation and reduction: 2H-O (1) — 2H2 (g) + Oz (g) is shown in
Figure 1. This reaction is thermodynamically non-spontaneous under standard
conditions and requires an energy input of at least 1.23 V to overcome the strong O—H
bonds in water molecules. The two critical half-reactions are typically described as
follows: at the anode, OER takes place either 2H>O — O. + 4H" + 4¢™ in acidic media
or 4OH™ — O: + 2H-0 + 4¢™ in alkaline media while at the cathode, the HER occurs
either 4H" + 4¢e- — 2H: in acidic media or 2H-0O + 2¢- — H. + 20H" in alkaline
conditions, %1 145.146]

:.;:.I;Q:T; 'H H

2H,0 —» 2H,;+0,

AH* + de —» 2H, 2H,0 — O; + 4H* +4e
Cathode reaction Anode reaction

Water
-

Anode (+)

= Cathode (-)

Figure 1. Schematic Illustration of the basic water electrolysis Process
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The mechanism of OER is complicated, involving slower kinetics than HER due
to four-electron transfer to achieve the evolution of oxygen. OER is the half-reaction of
water splitting under acidic (Eqn. (1)) and alkaline (Eqn. (2)) conditions, suggesting the
four-electron transfer process [147]. The OER process is carried out effectively in the
alkaline media, and the formation of intermediates (M to MOOH) is shown in (Eqns.
(3)~(7)). The schematic illustration of the OER pathway is shown in Figure 2 (a).

Initially, the hydroxide ions (OH") adsorbed on the active sites (M - OH) and
oxidized to donate an electron to the electrode surface. In the second step, another OH™
group is adsorbed on the M - OH site forming MO (Eqn. (2)). M - O experiences two
different pathways to form O2 molecules. On the one hand, the direct reaction involving
2M - O produces O2(g) (Eqn. (3)). On the other hand, the M - O converts into the
oxyhydroxide M-OOH intermediates after the addition of the third hydroxide ion with
the third electron transfer. Finally, the fourth hydroxide ion is adsorbed on the M-OOH
species to generate oxygen (Oz) and the active sites for further hydroxyl species
adsorption. The universalized reaction mechanism involved in OER includes the
following steps of metal (M) into intermediates (M - OH, M - O, and M-OOH).

In particular, the reaction energy of each elementary step and the OER scaling
relationship between the real and ideal electrocatalyst reveal the binding energy of the
metal surface for the adsorbed hydroxide ions, is shown in Figure 2 (b). AG represents
the free energy of formation for the reaction intermediates which is exothermic/energy
releasing when negative and endothermic/energy consuming when positive. EO denotes
the standard reversible electrode potential of the HER, E1, E2, and E3 represent the
different electrode potentials, and 1) is the overpotential. The energetics of real and ideal
catalysts at various electrode potentials are better illustrated. At the electrode potential
E1, for either catalyst, all steps are uphill, so OER cannot proceed. AG for the reaction
intermediates determines the potential determining step in most electrochemical
conversion reactions. Hence, Eqn. (7) describes the potential limiting step for OER,
which ascribes the required high potential of 1.23 V to drive the electrocatalytic
reaction.

If the kinetic limitations are negligible, the ideal catalyst has no overpotential at
the reversible electrode potential. To make all steps downbhill for the real electrocatalyst,
E3 is required, at which OER can occur at a prescribed pace.l'*®! As a result of irregular
variations in the adsorption energies of the intermediate species, the binding energies
for each step are different. The strong binding energy of O2 will increase the
complication of M-OOH formation, and the weak binding energy of oxygen to the
surface can increase the difficulty of M - O formation.!'”]

Acidic OER half-reaction: 2H>,O — O, + 4H+ + 4e™ (1)

Alkaline OER half-reaction: 4OH™ — O> + 2H>0 + 4e™ (2)
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The reaction mechanism of OER under alkaline conditions is as follows:

M+OH —>M-OH+¢ (3)
M - OH + OH™ — M - O + H,0 “4)
2M-0—2M+0:(g) (5)
M- O+ OH™ — M-OOH + ¢ (6)

M-OOH + OH™ — M + Ox(g) + H20 + ¢~ (7)

. - TAG
(@) 'D1."6 (b) ?E.ﬂ:_,EEZHH vaer| T
H’_1-| ~ HLO # Oy Ei-E'=n<0
' +2H" + 2e- \Gs n
HaC % OH, s,
o+ d AG,
+OH o,
M-0
M-O0H . I
+HUH ks gl e e B E;-E'J=r.=l]
_____ o
L---]E:E"

+0H Real catalyst E:-E'=n>0

. ‘3‘ Ideal catalyst

Figure 2. (a) Schematic representation of OER mechanism in the alkaline condition. (Blue line
indicates the M-OOH pathway, whereas the purple line indicates the direct reaction of two (M
- O) species to evolve oxygen. (b) Gibbs free energy reaction pathway plots of real and ideal
electrocatalysts for OER mechanism. !’

HER is composed of a two-step electron transfer process that takes place on the
cathode, forming hydrogen (H2).['*" Initially, during HER, the protons are adsorbed
(H*) on the active sites (M) of the electrode by water (H>O) dissociation with one
electron transfer from the electrode surface, which is called the Volmer step (Eqn. (6)).
Subsequently, there are two possible pathways to form hydrogen (H»). The first one is
the combination of an adsorbed proton (H*) with one electron transferred from the
electrode and one proton from the electrolyte, resulting in one hydrogen (Hz) molecule,
which is the Heyrovsky step (Eqn. (7)). The other step is a faster reaction pathway
named the Tafel step (Eqn. (8)), which involves the direct formation of an H> molecule
from two adsorbed protons (H*) from the surface of electrocatalyst.[!>!]

HER in alkaline media is as follows:
Volmer step: M + HO + e — M* + OH™ (8)
Heyrovsky step: H,O + M-H* + e —> M + H, + OH™  (9)

Tafel step: 2M-H* — 2 M + H» (10)

18



2.2 ETHANOL ELECTROOXIDATION REACTION (EOR)

Ethanol (CH3CH20H) is one of the volatile organic compounds, and renewable
alcohol is obtained from food crops, plants, and forest residue. Renewable and
environmentally friendly fuel production pathways are increasingly needed to meet
future energy demands. Alcohol oxidation is an organic reaction of the alcohol
functional group converted into other functional groups like ketone, aldehyde, and
carboxyl acid is shown in Figure 3. The electrooxidation of alcohols is a great
candidate for replacing OER for the production of energy-efficient hydrogen. Hence,
the EOR technique is used to minimize the anodic potential and generate oxidized
products.[13Z]

Alcohol oxidation

H oH
R‘t‘OH H H R'c=0
H H R-C-OH .  HR-C-OH H H H

]—%b i S e s

Figure 3. Schematic diagram of proposed alcohol oxidation reaction pathway.

EOR is an economical pathway in many electrochemical systems for clean
energy, such as ethanol fuel cells and the anodic reaction in hydrogen generation. Noble
metals, such as platinum, are benchmark catalysts for EOR owing to their superb
electrochemical capability. To improve sustainability and product selectivity, nickel
(Ni)-based electrocatalysts are considered promising alternatives to noble-metal EOR.
Although Ni-based electrocatalysts are relieved from intermediate poisoning, their
performances are largely limited by their relatively high onset potential. Therefore, the
EOR usually competes with the OER at working potential, resulting in low EOR
efficiency. The direct ethanol fuel cell (DEFC) is seen as a promising power conversion
device for compact and automobile applications. The high efficiency electrocatalysts
for the EOR have enhanced the further development of DEFCs. The EOR process is
generally believed to follow a dual reaction mechanism pathway, namely the Cl1
pathway and C2 pathway is shown in Figure 4. According to the C1 pathway,
electrochemical ethanol to carbon dioxide conversion with 12¢” transfer would benefit
the overall efficiency of ethanol fuel cells. In most cases, incomplete oxidation of
ethanol into acetic acid occurs through the C2 pathway. The most reported palladium-
based and platinum-based electrocatalysts show a low selectivity of the C1 pathway,
about 1%—7% at room temperature, even if they substantially increased the reaction
rate of ethanol oxidation. As a result, it is critical and urgent that new EOR
electrocatalysts can be rationally designed and prepared with high C1 pathway
selectivity.[!%3]
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Ethanol is commonly used due to its easy agricultural synthesis, less toxicity, and
high energy density of 8.03 kWh kg'.['5% However, the transition metal-based
electrocatalysts Fe, Ni, and Cu are generally considered the EOR catalyst, and their
effectiveness in enhancing the overall electrocatalytic activity and modifying its
electronic structure to form OH™ species is highly desirable by-product formation of
CO. The hydrogen generation method is due to low electrolyze voltage. Ethanol is
oxidized to hydrogen production at low toxicity, superior chemical stability, and high
hydrogen content. [153]

Ethanol oxidation reaction pathway

CO, Total
- Carbon di-oxide oxidation
12e oo C1 pathway pathway
e

28 CH,CHO
CH;CH.OH —4 Acetaldehyde ) o
Ethanol \e- [2 B Partial oxidation
e

pathway

CH,COOH (2 pathway
Acetic acid

Figure 4. Schematic illustration of the parallel pathway in the ethanol oxidation reaction
electron transfer process.!'3]
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2.3 TRIFUNCTIONAL CATALYSTS

Catalysts are materials that facilitate electrochemical reactions such as oxidation
and reduction. The development of these catalysts has evolved from precious metals to
more sustainable HE-LDHs. The evolution from precious metals to HE-LDHs
represents a shift towards more sustainable, efficient, and affordable electrocatalysts.
Currently, the single most active metal Pt for HER and IrO2 for OER are known to
exhibit high water splitting activities!!>*!>], but their prohibitive cost and extreme
scarceness have hindered their uses in practical applications. Therefore, it is
significantly imperative to develop less expensive and highly active electrocatalysts
that are highly competitive in terms of their performance with the counterpart noble
metal-based catalysts. Toward this end, some important progress has been made in the
rational design of MOF-based electrocatalysts, which have been used as a promising
platform to promote OER and HER kinetics.!'36-1%01 Recently, Zhao et al.['®!! rationally
designed a bimetallic NiFe-MOF electrocatalyst on nickel mesh and used this as both
an anode and cathode in an electrolytic cell for overall water splitting, achieving a
current density of 10 mA cm? at a voltage of 1.55 V, which was 70 mV smaller than
the benchmark Pt/C cathode and IrO2 anode. Also, CoNi-MOF and CoNiN@C on
copper substrates were used as the anode and cathode for water splitting, which required
1.64 V to reach 10 mA cm 2.2l Ternary Mo51Ni40Fe9 nanobelts were synthesized to
achieve a remarkable water splitting performance, using Mo51Ni40Fe9 nanobelts as
the anode and commercial Pt/C as the cathode, which required 1.55 V to achieve 10
mA cm 2 current density.[163] Lately, it has been shown that the unique 3D architecture of
titania nanotubes with a deposit of palladium particles significantly reduced the potential by
about <1.0 V to produce hydrogen by replacing anodic oxygen evolution with the readily
oxidizable species of ethanol.['®*]

Trifunctional catalysts are advanced electrocatalytic materials engineered to
simultaneously facilitate three key reactions: HER, OER, and EOR. These catalysts are
particularly significant in renewable energy technologies, where integrating HER and
OER enables water splitting for green hydrogen production, while EOR serves as an
alternative anodic process to overcome the kinetic limitations of OER. The ability of a
single catalyst to efficiently catalyze all three reactions not only simplifies system
design but also improves energy efficiency and cost-effectiveness by reducing the
overall overpotential required for electrolysis. Trifunctional catalysts must exhibit
excellent electrochemical activity, fast reaction kinetics, high surface area, and long-
term structural and operational stability under alkaline conditions. Materials such as
HE-LDHs have emerged as strong candidates due to their compositional diversity,
tunable electronic structure, and synergistic effects among multi-metal constituents.
Their capacity to act as a unified platform for HER, OER, and EOR makes them highly
attractive for integrated electrochemical systems, especially those targeting hydrogen

generation from water and value-added chemical production from alcohols like ethanol.
[156-161]
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2.4 LAYERED DOUBLE HYDROXIDES (LDHS)

Layered double hydroxides (LDHs) are made up of two metal cations, divalent
and trivalent, in the form of double layers or lamellar structures. Anions (nitrates,
sulfates, or carbonates) and water molecules essentially fill the interlayer gaps between
the metal hydroxide layers.'>1%] The general formula for LDHs is
M- "M, (OH)2 (A" )y yH20, where M?" and M>" are the divalent and trivalent
metal cations, respectively; A" is the related anion; and x is the ratio of M>"/(M** +
M3%), where (0.1 <x < 0.5). Furthermore, the M?>"/M>* ratio must be in the range of
1-6116711 to produce LDHs. From an industrial standpoint, LDHs come from brucite,
or mineral clay, which is mostly made of Mg(OH). An equivalent amount of trivalent
metal cations (M>") replaces a portion of divalent metal cations (M?") during the
production of LDHs based on brucite. Consequently, positive charges are left on the
surface of the layers, which are balanced by water molecules and comparable anions
that occupy the interspace among the layers. The assembly of the lamellae and the
formation of distinctive LDH structures are supported by the compensation of anions
of the generated positive charges.['’”) The hydroxide layers are contained in the cores
of octahedral structures is shown in Figure 5, and the cations M?* and M3* are uniformly
distributed throughout the lamellar structures.['®>!”!1 The LDH structures are stabilized
due to the electrostatic interaction among the positive charge layers and the negative
charge anions present amongst these layers. The density of the remaining positively
charged layers and the number of negative charge anions connected to the construction
can be established by the ratio among the M?>" and M?*" cations in the framework of the
LDH layers. The valence of the cations and the relationship between the different ion
types significantly affect the layered double hydroxide characteristics, particularly their
porosity, ion exchange propensity, and crystallinity.['*

Brucite-like layer
[M2, _ M¥ (OH),]*

' ——— Interlayer anions
e r——n Water Molecules
[(A™) g nH,0]

v Ar @O H,0 EMH/MH

Figure 5. Schematic illustration of LDH structure and chemical component.!!7]
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2.5 HIGH ENTROPY MATERIALS (HEMS)

High-entropy materials (HEMs) have garnered substantial research interest over
the last 15 years because of their unique properties stemming from their high
configurational entropy.'’?! In 2004, Cantor and Yeh et al. presented this idea.[!”3:174]
High-entropy alloys (HEAs) are a type of HEM composed of five or more elements,
each with a distinct chemical composition. To enhance their performance, HEMs with
large specific surface areas, multiple active sites, and stable phase structures have been
synthesized.'’>'78! Various HEMs, including alloys,['7>83  oxides,183-18¢],
oxyfluorides,!'87-1% borides, %! carbides,!!*%!%] nitrides, '+ sulfides,!!**!°"] and
phosphides!!*>!*’l have been studied for applications in thermal electricity, thermal and
environmental protection, electrochemical energy storage, and catalytic processes.

The sluggish diffusion effect due to irregular atomic arrangements and varied
interactions increases the diffusion activation energy by slowing atomic movement.2%%!
Differences in the atomic radii result in lattice distortion, considerably affecting
material characteristics.[*°!l HEAs, which are characterized by a high entropy of mixing
(ASmix), exhibit low Gibbs free energy (AGmix = AHmix — TASmix) at elevated
temperatures, promoting stability and atomic disorder, resulting in a more uniform
distribution of atoms within the lattice.?*?! These synergistic effects enhance the
catalytic performance in energy conversion processes and have led to an interest in
high-entropy noble-metal and noble-metal-free electrocatalysts for the oxidation of
methanol,'?-2%31 oxygen evolution,?°-2!!1 and reactions involving oxygen reduction.
[212-214] Two-dimensional (2D) materials are solid crystals consisting of one or a few
atomic layers, typically ranging from 1 to 10 A in thickness, with lateral dimensions
extending to tens of micron.”!'®) Among these, 2D layered hydroxides belong to a
distinct subclass characterized by thin, flat sheets of metal hydroxide layers arranged in
a stacked, lamellar structure. These ionic solids consist of positively charged metal
hydroxide layers interspersed with interlayer gaps that encapsulate solvent molecules
and anions, ensuring charge balance.

HE-LDHs offer a distinct suite of advantages, offering new opportunities for
material design and functionalization. Notably, HE-LDHs share structural similarities
with conventional LDHs but are distinguished by incorporating multiple metallic
cations (typically five or more) into brucite-like M(OH)s octahedral layers. This high-
entropy configuration enhances structural stability, thermal resistance, and catalytic
performance. The positively charged layers are balanced by interlayer anions and water,
with tunable basal spacing and composition, enabling the customization of properties
for diverse applications.’!®l HE-LDH exhibits remarkable stability under harsh
conditions and possesses adjustable electronic, magnetic, and catalytic properties,
making it highly promising for catalysis, energy storage, and environmental
remediation. Despite extensive research on zero-dimensional and bulk high-entropy
materials, their 2D counterparts, such as HE-LDHs, remain relatively underexplored.
The synergy of high entropy and cocktail effects in HE-LDHs enables precise property
tuning, offering substantial advantages over conventional materials in advancing
renewable energy technologies and promoting environmental sustainability.!>!7-!"]
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CHAPTER 3. RESEARCH OBJECTIVES

The primary objective of this research is to design, synthesis, and optimize HE-
LDHs as robust trifunctional electrocatalysts capable of efficiently catalyzing the HER,
OER, and EOR under alkaline conditions. This work addresses the urgent demand for
multifunctional, cost-effective, and stable catalysts for sustainable hydrogen production
and organic electrooxidation by integrating the principles of HE-LDHs.

3.1 DEVELOPMENT OF TRIFUNCTIONAL HE-LDH
CATALYST

Electrocatalytic activity is influenced by various parameters  of the
electrocatalyst, including surface area and porosity, electrical conductivity, chemical
composition, crystallinity and phase purity, surface chemistry, morphology and
nanostructure, electrochemical active surface area (ECSA), charge transfer resistance
(Ret), stability and durability. These parameters must be optimized collectively to
achieve a high-performance electrocatalyst for applications like water splitting and
ethanol oxidation. By varying these parameters, different results can be achieved.

The careful selection of these elements is based on their complementary
electrochemical, structural, and catalytic properties, which collectively contribute to
achieving superior trifunctional catalytic performance. The periodic table shown in
Figure 6 marks these ions that can be used to prepare HELHs in this strategy. Nickel
(Ni**) was chosen due to its well-documented activity toward HER and OER in alkaline
media. Ni forms the structural backbone of many LDHs and contributes significantly
to both conductivity and catalytic performance. It provides active sites that facilitate the
adsorption and desorption of hydrogen intermediates during HER and serves as a redox-
active center for OER. Iron (Fe*") is a cost-effective and earth-abundant metal that is
highly synergistic with Ni in bimetallic LDH systems. Fe enhances the OER
performance by modifying the electronic structure of Ni, lowering the overpotential,
and increasing the oxidation state flexibility. It also improves the structural stability of
the LDH layers by forming a mixed-valence hydroxide network. Copper (Cu*") plays a
dual role in this system. It contributes to enhanced electron transfer kinetics due to its
high electrical conductivity and introduces additional redox-active sites beneficial for
ethanol electrooxidation. Cu also aids in modulating the electronic environment of the
catalyst, enabling improved catalytic selectivity and reaction kinetics, particularly in
organic oxidation pathways. Magnesium (Mg?*), while electrochemically inert, serves
a crucial structural function. It promotes crystallinity, enhances thermal and structural
stability, and maintains the integrity of the LDH lattice without competing for redox
activity. Mg also improves the dispersion of active sites and contributes to the formation
of ultrathin nanosheets with large electrochemically active surface areas. Indium (In**)
is incorporated to introduce structural defects and modulate the surface acidity/basicity
of the LDH. In* can disrupt the charge distribution and induce localized electronic
heterogeneity, which can improve the adsorption of reactants and facilitate intermediate
formation during EOR and OER. Its relatively large ionic radius also contributes to
lattice distortion, increasing the number of reactive edge sites and enhancing catalytic
activity. This combination of elements NiFeCuMgln ensure a balance of conductivity
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and high catalytic activity, and stability making them an ideal electrocatalyst for water
splitting applications.

In this study, the optimization process focused on balancing the compositional
complexity with structural stability, aiming to harness the synergistic effects of multi-
metal incorporation while avoiding phase segregation. Table 1 summarizes the
optimization process of metal cation ratios during the synthesis of HE-LDHs. It outlines
various compositions of metal precursors, synthesis conditions, and their corresponding
outcomes. Eight different samples were synthesized using various combinations of Ni,
Fe, Cu, Mg, and In salts, with a fixed hydrothermal treatment condition (primarily at
120 °C for 12 hours). The aim was to identify the appropriate composition and synthesis
environment that would result in the formation of a well-defined LDH phase, as
confirmed by XRD. In the first four samples, sodium hydroxide and/or sodium
carbonate were used as the base to control pH and promote precipitation. However,
these formulations failed to produce characteristic XRD peaks associated with the LDH
structure. This absence of crystallographic signals indicated that no proper LDH
formation occurred, suggesting that the chosen metal ratios or the synthetic
environment were not favorable for stable phase development. Beginning with sample
5, the experimental approach was modified by introducing urea as a hydrolysis agent.
Urea decomposes slowly under hydrothermal conditions, releasing OH™ ions gradually
and thereby enabling a controlled increase in pH. This method supports homogeneous
nucleation and growth of the LDH layers. The results showed noticeable improvement:
sample 6 exhibited partial success, showing some evidence of NiFe LDH formation in
the XRD results, although it was not completely satisfactory for the NiFeCuMgIn HE-
LDH. The most significant breakthrough was achieved in sample 8, where the
optimized metal ratio of Ni:Fe:Cu:Mg:In = 3:1:0.5:0.5:0.5 was used along with 10
mmol of urea. This formulation yielded clear and strong XRD reflections corresponding
to an LDH structure. The success of this sample can be attributed to a more balanced
cationic composition that supports the structural requirements of LDH layers and the
effective role of urea in maintaining a stable environment for crystallization. Thus,
sample 8 was identified as the optimal condition for synthesizing high-quality HE-
LDH.

By combining these five metals in near-equimolar ratios, the resulting HE-LDH
structure benefits from configurational entropy stabilization, which promotes the
formation of a single-phase solid solution, suppresses phase separation, and enhances
long-term structural integrity. This unique multi-metal synergy is expected to yield a
catalyst with superior multifunctionality, enhanced conductivity, increased active site
density, and improved durability across all three target reactions. Thus, the strategic
selection of Ni, Fe, Cu, Mg, and In provides a rational foundation for the development
of a high-performance trifunctional HE-LDH electrocatalyst.
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Figure 6. Periodic table of elements, in which the elements that can form HELH are

exhibited in red letters on the yellow background.

[220]

Metal cation ratios Hydrothermal LDH
Sample Ni:Fe&Ni:Fe:Cu:Mg:In Additives treatment structure
formation
1 1:1 I:1:1:1:1 1 M NaOH (pH=10) 120 °C for 12 hr 4
2 1:1 1:1:1:1:1 1 M NaOH (pH = 10) 160 °C for 16 hr 4
1:1 1:1:1:1:1 1 M NaOH (pH=~10)+ 120 °C for 12 hr X
0.1 M Na,CO;
4 3:1 3:1:1:1:1 0.1 M NaOH (pH=10) 120°C for 12 hr )4
+0.1 M N32CO3
5 3:1 3:1:1:1:1 0.1 M Na,CO; 120 °C for 12 hr b4
6 3:1 3:1:1:1:1 4 mmol urea 120°C for 12hr B/ 3%
7 3:1 3:1:1:1:1 10 mmol urea 120 °C for 12 hr X
8 3:1 3:1:05:05:0.5 10 mmol urea 120 °C for 12 hr

Table 1. Optimization of metal cation ratios during the synthesis of HE-LDHs.
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3.2 UNDERSTANDING THE ROLE OF HE-LDHs IN
IMPROVING CATALYTIC PERFORMANCE

The central objective of this research is to understand the role of HE-LDHs in
enhancing the catalytic performance of LDHs across multiple electrochemical
reactions. To investigate how the high-entropy design modulates the electronic
structure, active site distribution, and synergistic interactions between metal
constituents. This objective aims to correlate entropy-induced structural stability and
surface reactivity with the observed electrocatalytic performance, using both
experimental techniques and literature-supported interpretation.

HE-LDHs represent a transformative advancement in the design of next-
generation electrocatalysts. Their unique ability to incorporate five or more metal
cations into a single-phase layered structure enables the creation of highly tunable and
synergistically enhanced catalytic systems. The improvement in catalytic performance
observed in HE-LDHs arises primarily from the high configurational entropy, which
stabilizes the multi-metal lattice and facilitates the formation of metastable phases with
superior functional properties.

In the context of electrocatalysis, the incorporation of diverse metal species such
as Ni, Fe, Cu, Mg, and In introduces heterogeneous active sites, each contributing
differently to the catalytic processes. For example, Ni and Fe are particularly active for
HER and OER, while Cu enhances ethanol electrooxidation through improved
conductivity and organic substrate activation. Mg acts as a structural stabilizer, and In
modulates surface reactivity by altering the electron density and introducing localized
distortions. The synergistic interactions among these metals generate an optimized
electronic environment that improves the binding energies of key intermediates,
reduces activation barriers, and accelerates charge transfer kinetics across all three
reactions: HER, OER, and EOR.

Furthermore, the high entropy effect leads to enhanced defect engineering,
electronic heterogeneity, and structural robustness, all of which are critical for long-
term catalytic durability and activity retention. The presence of multiple redox-active
centers enables dynamic adaptation to varying electrochemical conditions, making HE-
LDHs inherently more versatile than traditional binary or ternary catalysts. Their
layered structure also supports interlayer ion diffusion, contributing to fast mass
transport and increased electrochemically active surface area.

In summary, the superior catalytic performance of HE-LDHs stems from the
entropy-driven stabilization of a multi-metallic framework, which enables optimized
structural, electronic, and surface properties. Understanding this role is essential for the
rational design and fine-tuning of multifunctional catalysts tailored for high-efficiency
water splitting and ethanol electrooxidation applications.
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3.3 EXPLORATION OF STRUCTURE-PROPERTY -
PERFORMANCE RELATIONSHIPS

A critical objective of this research is to establish a detailed understanding of the
relationship between the structural features (crystallinity, morphology, surface area),
physicochemical properties (oxidation states, conductivity), and the electrochemical
performance (overpotential, Tafel slope, EIS, and ECSA) of the synthesized HE-LDHs
to uncover how variations in structural features and physicochemical characteristics
directly influence their electrocatalytic behavior. Understanding these relationships is
essential for the rational design and optimization of multifunctional electrocatalysts
capable of efficiently driving HER, OER, and EOR. The unique structural complexity
of HE-LDHs arising from the incorporation of multiple metal cations results in
significant variations in crystal phase composition, lattice distortion, defect density, and
interlayer spacing. These structural characteristics are closely tied to key functional
properties, such as electrical conductivity, redox potential, surface charge distribution,
and active site availability. By systematically analyzing the structure, morphology,
layer thickness, elemental distributions, and surface chemistry of the synthesized HE-
LDHs using techniques such as XRD, SEM, TEM, EDS, and XPS. Electrochemical
techniques such as LSV, Tafel analysis, EIS, and CV will be employed to link structural
and surface modifications with key performance metrics. This integrated investigation
aims to build a comprehensive framework that connects material structure and
composition with functional electrochemical behavior. Such insights are not only
fundamental to optimizing catalyst design but also to advancing the broader field of
high-entropy electrocatalysis, ultimately enabling the development of next-generation
materials with superior efficiency, selectivity, and long-term operational stability.

3.4 INTEGRATION OF HER, OER, AND EOR WITHIN A
SINGLE ELECTROCATALYTIC FRAMEWORK

To demonstrate the feasibility of using HE-LDHs as trifunctional catalysts in a
single system, replacing the sluggish four-electron transfer of anodic OER with EOR
to enhance overall water splitting efficiency. The objective is to show how this hybrid
approach can reduce energy input, produce high-purity hydrogen, and enable value-
added chemical production from ethanol oxidation. Developing anodic reactions with
cell potential lower than OER is a promising way for fundamentally lowering the
energy requirements for electrocatalytic H2 production. Such anode oxidation reactions
have the additional benefit of producing value-added products from inexpensive
industrial feedstocks or renewable biomass sources. The EOR is a key electrochemical
process that occurs at the anode of direct ethanol fuel cells (DEFCs), where ethanol
(C:HsOH) is oxidized to intermediate or final products such as acetaldehyde
(CHsCHO), acetic acid/acetate (CHsCOOH/CHsCOOQO"), or ideally carbon dioxide
(COz). This reaction is of particular importance for renewable energy technologies,
especially due to ethanol’s safety, availability, and ease of storage compared to
hydrogen. For reactions of this kind, applying large positive potential would
unavoidably result in uncontrolled OER, therefore applying moderate potential is
necessary to achieve high Faradaic efficiency (FE) toward target products. To improve
the four-electron transfer sluggish reaction kinetics of the OER, it can be replaced with
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the oxidation of small molecules that have lower oxidation potential. This approach
enables cost-effective H2 production from aqueous solutions containing organic waste,
such as ethanol which can be easily produced by the food crops, plants, and forest
residue.

The schematic shown in Figure 7 illustrates a hybrid ethanol-assisted water
electrolysis system, where ethanol electrooxidation occurs at the anode and hydrogen
evolution takes place at the cathode. This integrated electrochemical setup enhances the
efficiency of hydrogen production by replacing the conventional OER with the more
thermodynamically favorable EOR. In this system, the anode serves as the site for
ethanol (EtOH) oxidation, where ethanol reacts with water to produce carbonate ions
(COs*), protons, and electrons. This process significantly lowers the overpotential
typically associated with OER. Simultaneously, at the cathode, water molecules are
reduced by the incoming electrons to generate molecular hydrogen (H:), along with
hydroxide ions. The complete oxidation of ethanol follows the reaction: C:HsOH +
120H™ — 2CO:2 + 9H20 + 12¢7, but in alkaline media, CO: reacts with OH™: CO: +
20H™ — COs* + H:0. Then, in alkaline media, the complete oxidation of ethanol to
CO; follows the reaction: CH;:CH-OH + 120H™ — 2COs* + 6H.0 + 12¢". However,
though in practice, complete oxidation to COs- is rare due to the difficulty in breaking
the C—C bond. The overall reaction enables the concurrent conversion of ethanol into
value-added products while efficiently producing high-purity hydrogen. The schematic
also shows the flow of electrons from the anode to the cathode via an external power
supply, and the movement of products and reactants within the electrolyte medium.
This hybrid strategy not only reduces energy consumption but also offers a sustainable
approach for coupling hydrogen production with organic oxidation, making it highly
promising for green energy technologies and biomass utilization.
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Figure 7. Schematic illustration of a hybrid ethanol-assisted water electrolysis system that
combines EOR at the anode with HER at the cathode to improve energy efficiency and produce
high-purity hydrogen.
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CHAPTER 4. EXPERIMENTAL SECTION

4.1 MATERIALS AND REAGENTS

All chemicals and reagents used in this study were of analytical grade and utilized
without further purification. Metal precursors, including nitrates or chlorides of
transition metals such as nickel(Il) nitrate hexahydrate (Ni(NOs)2:6H20, >99%, MW =
290.81 g/mol), iron(IIl) nitrate nonahydrate (Fe(NOs)s;-9H-0, MW = 404.00 g/mol),
copper(Il) nitrate trihydrate (Cu(NOs)2-:3H.O, MW = 241.60 g/mol), magnesium(II)
nitrate hexahydrate (Mg(NQOs).-:6H20, MW = 256.40 g/mol), and indium(III) chloride
(InCls, MW = 221.18 g/mol) were selected to ensure compositional diversity in the
synthesis of HE-LDHs. Urea (CO(NHz) 2, MW = 60.06 g/mol) was employed as a slow-
release base to facilitate homogeneous nucleation and growth of the LDH structure
during hydrothermal synthesis. Ethanol and deionized water were used as solvents and
for washing the final products. ammonium hydroxide solution, purists., 30-33% NHj3 in
H>O (NH3.H.0, MW= 17.031 g/mol) was used for etching to further enhance catalytic
efficiency. All solutions were prepared using high-purity deionized water.

4.2 SYNTHESIS OF HIGH ENTROPY ELECTROCATALYSTS

The HE-LDHs were synthesized via a hydrothermal treatment method shown in
Figure 8. Four compositions with increasing cationic complexity were prepared
systematically as follows: Initially, metal nitrate salts were dissolved in deionized water
under continuous magnetic stirring at room temperature to obtain homogeneous
precursor solutions. In the first formulation, 2.4 mmol of nickel (I) nitrate hexahydrate
(Ni (NOs3) 2:6H20) and 0.8 mmol of iron (III) nitrate nonahydrate (Fe (NOs) 3-9H20)
were dissolved in 30 mL of deionized water. In the second sample, 0.4 mmol of copper
(IT) nitrate trihydrate (Cu (NOs) 2-:3H20) was added to the NiFe system and dissolved
in 30 mL of water. The third solution was prepared by adding 0.4 mmol of magnesium
(IT) nitrate hexahydrate (Mg (NOs) 2-6H-0) to the previous mixture. Finally, the high-
entropy composition was obtained by incorporating 0.4 mmol of indium (III) chloride
(InClLs) to the NiFeCuMg mixture. All salts were fully dissolved using a magnetic
stirrer. Once homogeneity was achieved in each solution, 2.4 g of urea (CO(NH2) 2)
was added serving as a slow-releasing hydroxide source, was added in excess to control
the pH and facilitate uniform precipitation of the metal hydroxide phases under
continuous stirring at room temperature. The resulting mixtures were transferred into
four separate 150 mL Teflon-lined stainless-steel autoclaves and subjected to
hydrothermal treatment at 120 °C for 12 hours in a preheated oven.

After cooling to room temperature, the solid products were collected by
centrifugation at 3000 rpm for 5 minutes. The precipitates were washed three times
with distilled water and once over with ethanol to remove residual ions and organics.
The final products were dried in the oven at 60 °C overnight and ground manually using
a mortar to obtain uniform fine powders, which were then stored for further
characterization and electrochemical testing. This synthesis route allows for
compositional tunability, reproducibility, and scalability, making it suitable for
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producing multifunctional HE-LDH electrocatalysts for HER, OER, and EOR
applications.

To further enhance catalytic efficiency, the etching process was carried out using
a two-step liquid-phase strategy as shown in Figure 9. 200 mg of HE-LDH was
dissolved in 100 mL ethanol to produce solution A. Then, 50 mL NHs-H-0O and 200 mL
DI water were mixing to obtain a solution B. Afterward, the solution B was directly
poured into the solution A under stirring at room temperature. After continuous stirring
for 10, 20, 30 and 60 minutes. The obtained mixed solution was filtered and washed

with water many times, and the products were dried in the oven at 60 °C overnight to
obtain et-HELDH product.

2.4 mmol Ni (NO») 650 il
0.8 mmol Fe (NO;) -9H,0 (D
0.4mmol Cu (NO;) ,3H,0 «ilip
0.4 mmol Mg (NOs) 2-6H:0

Obtained Product

0.4 mmeol InCls y
HE-LDH 60 °C overnight
—
Mixing
Crystallographic model
of a LDH structure .
Homog.
|::>[10 mimol of urea } |:> |:>
F k Hydmthe?mal treatment {Val.
Magnetic stirring 120°C—12hr

Figure 8. Schematic diagram of the synthesis process for HE-LDH.
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Figure 9. Schematic diagram of the etching process of the synthesized HE-LDH.
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4.3 CHARACTERIZATION TECHNIQUES

43.1 MORPHOLOGICAL AND ELEMENTAL DISTRIBUTION
ANALYSIS (SEM/EDS)

The surface morphology and elemental analysis for the synthesized materials
were examined using SEM and EDS, respectively. SEM images were obtained under
identical imaging conditions an accelerating voltage of 3.00 kV, a working distance
(WD) of 5.8 mm, a beam current of 25 pA, and a Through-Lens Detector (TLD). The
SEM micrographs of various synthesized layered double hydroxide (LDH) samples
were captured at 50,000% magnification with a 1 pm scale bar. To estimate the
elemental distribution, confirm the presence and chemical compositional analysis of
the synthesized materials EDS analysis was performed.

As can be depicted in Figure 10 (a), the SEM image for NiFe LDH shows a
typical plate-like morphology with stacked, thin, and irregular nanosheets. This
structure is characteristic of conventional LDHs, providing a high surface area ideal for
catalytic applications.

Figure 10 (b), (c) & (d) display the elemental mapping of NiFe LDH using EDS
analysis, which confirms the presence of the expected Ni, Fe and O constituent
elements with the uniform distribution. As can be seen in Figure S1, S5
(Supplementary data), NiFe LDH showing a uniform distribution of Ni and Fe,
indicating successful synthesis of the binary LDH. The atomic percentages (At%)
obtained from this analysis are as follows: O (77.9%), Ni (14.1%), and Fe (8.0%). The
strong O peak at ~0.5 keV reflected the hydroxide-rich structure, while the Ni and Fe
signals, observed at 0.85 keV (Ni L-line), 7.5-8.3 keV (Ni K-lines), 0.7 keV (Fe L-
line), and 6.4 keV (Fe K-line), confirmed the incorporation of these metals as divalent
and trivalent cations, respectively, within the brucite-like layers of the LDH framework.
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Figure 10. (a) SEM images for NiFe LDH. EDS mapping for NiFe LDH (b) Ni (c) Fe, and (d)
O elements.
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As can be depicted in Figure 11 (a); after introducing copper, the morphology
becomes slightly more aggregated, with sheets appearing thicker and partially
crumpled, suggesting increased layer interaction and possible synergistic effects among
the metals.

Figure 11 (b), (¢), (d) & (e) display the elemental mapping of NiFeCu ME-LDH
using EDS analysis, which confirms the presence of the expected Ni, Fe, Cu and O
constituent elements with the uniform distribution. As can be seen in Figure S2, S6
(Supplementary data), NiFeCu ME-LDH showing a uniform distribution of Ni, Fe, and
Cu indicating successful synthesis of the ternary ME-LDH. The atomic percentages
(At%) obtained from this analysis are as follows: O (77.6%), Ni (13.7%),Fe (8.2%),
and Cu (0.5%).

Mi Kol Fe Kal
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Figure 11. (a) SEM images for NiFeCu ME-LDH. EDS mapping for NiFeCu ME-LDH (b)
Ni (c) Fe, and (d) Cu, and (e) O elements.
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As can be depicted in Figure 12 (a); after introducing magnesium, the surface
becomes rougher and denser. Distinct microcrystalline structures are observed, likely
enhancing active surface sites due to the presence of uniformly distributed Mg.

Figure 12 (b), (c), (d), (e) & (f) display the elemental mapping of NiFeCuMg
ME-LDH using EDS analysis, which confirms the presence of the expected Ni, Fe, Cu,
Mg and O constituent elements with the uniform distribution. As can be seen in
Figure S3, S7 (Supplementary data), NiFeCuMg ME-LDH showing a uniform
distribution of Ni, Fe, Cu, and Mg indicating successful synthesis of the quaternary
ME-LDH. The atomic percentages (At%) obtained from this analysis are as follows: O
(73.7%), Ni (12.4%), Fe (10.6%), Cu (0.8%), and Mg (2.6%). Compared to the previous
sample, a slight decrease in oxygen content and corresponding increase in Fe indicates
better elemental balance.
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(c)

0 Kal

Figure 12. (a) SEM images for NiFeCuMg ME-LDH. EDS mapping for NiFeCuMg ME-LDH
(b) Ni (¢) Fe, and (d) Cu, (e) Mg, and (f) O elements.
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As can be depicted in Figure 13 (a); after introducing indium, the surface
becomes in a more compact and flower-like morphology. The surface appears
granulated with well-dispersed particles, indicating a HE-LDH with potentially
improved structural stability and active site availability.

Figure 13 (b), (¢), (d), (e), (f) & (g) display the elemental mapping of
NiFeCuMgIn HE-LDH using EDS analysis, which confirms the presence of the
expected Ni, Fe, Cu, Mg, In and O constituent elements with the uniform distribution.
As can be seen in Figure S4, S8 (Supplementary data), NiFeCuMgIn HE-LDH show a
uniform distribution of Ni, Fe, Cu, Mg, and In indicating successful synthesis of the
quinary HE-LDH. The maps reveal a more complex elemental profile, indicating
successful multi-metal incorporation. The signals are evenly distributed, implying that
all five metals were successfully co-integrated to form a HE-LDH. The atomic
percentages (At%) obtained from this analysis are as follows: O (81.2%), Ni (10.8%)),
Fe (3.9%), Cu (0.5%), Mg (2.0%), and In (1.7%). The uniform presence of all intended
elements suggests homogeneous distribution and stable incorporation within the
layered lattice, with no evidence of phase separation or elemental segregation.
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Figure 13. (a) SEM images for NiFeCuMgIn HE-LDH. EDS mapping for NiFeCuMgIn HE-
LDH (b) Ni (¢) Fe, and (d) Cu, (¢) Mg, (f) In, and (g) O elements.
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4.3.2 SURFACE CHEMISTRY (XPS)

To gain insight into the surface elemental composition and electronic states of
the catalysts, XPS was employed as key analytical techniques. XPS was employed to
analyze the elemental states and surface oxidation of each metal component. High-
resolution spectra were recorded for Ni 2p, Fe 2p, Cu 2p, Mg 1s, In 3d, and O 1s regions
to determine the oxidation states and quantify the relative contributions of each element
at the catalyst surface. Peak deconvolution revealed the presence of mixed valence
states (e.g., Ni**, Fe?**/Fe’", Cu?", Mg?, In*"), which are often associated with enhanced
redox activity and catalytic performance. The O 1s spectrum provided insights into
surface hydroxides, lattice oxygen, and adsorbed oxygen species, all of which are
relevant to electrochemical reactivity. The C 1s spectrum in XPS primarily provides
information on the types of carbon-containing species present on the surface of a
material. Even when carbon is not intentionally included in the sample, it often appears
due to adventitious carbon contamination from air exposure. However, it can also arise
from carbon-based supports (e.g., carbon cloth), solvents, or surfactants.

Collectively, the XPS analysis provided comprehensive information on the
surface chemistry, and elemental valency present in the HE-LDH catalysts, offering
essential insights into their structure—reactivity relationships and catalytic behavior in
HER, OER, and EOR.

4.4 ELECTROCHEMICAL ANALYSIS

The electrochemical performance of the synthesized HE-LDH electrocatalysts
was systematically evaluated toward the HER, OER, and EOR in alkaline media. All
measurements were conducted using a conventional three-electrode electrochemical
cell. In the three-electrode setup, the catalytic samples were prepared, nickel foam
coated with the catalyst ink served as the working electrode, while a carbon black-
graphite composite (CB/Gr) was employed as the counter electrode, and an Ag/AgCl
electrode was used as the reference electrode. The electrolyte was 0.5 M KOH for HER
and OER, and a mixture of 0.5 M KOH with 1.0 M EtOH was used for EOR studies
(Supplementary data S2).

Catalyst inks were prepared by dispersing 10 mg of the catalyst powders in a
mixture of 750 pL of deionized (DI) water, 200 puL of 2-propanol, and 50 pL of 5%
Nafion solution followed by ultrasonically mixing for 1 hour to ensure a homogeneous
suspension. A proper amount of the resulting catalyst mixture was then loaded onto
nickel foam by drop casting (The loading mass is approximately 1 mg cm2), followed
by drying until the sample was completely dry as shown in Figure 14.
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Figure 14. Electrode preparation for electrochemical measurements.

4.5 STABILITY AND DURABILITY TESTS

To evaluate the long-term operational reliability of the synthesized et-HELDH
electrocatalyst, comprehensive stability and durability tests were conducted under
continuous electrochemical conditions relevant to HER and EOR in alkaline media.
The CA and CP measurements were performed to monitor current and potential
stability, respectively, over extended durations for 100 hours, under constant applied
potential or current densities corresponding to practical operating conditions. These
tests were performed in 0.5 M KOH for HER, and in 0.5 M KOH containing 1.0 M
EtOH for EOR, using a three-electrode setup. Catalyst-coated electrodes were subjected
to sustained electrolysis while continuously recording electrochemical signals to detect
any performance degradation. Post-stability structural analysis using XRD were also
conducted to identify any shifts in the peaks, which would indicate catalytic
deactivation. These stability and durability evaluations are critical for validating the
robustness of HE-LDH catalysts and confirming their suitability for prolonged use in
practical electrochemical devices. The results provide insights into catalyst lifetime,
electrochemical resilience, and structural integrity under operational stress.
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CHAPTER 5. RESULTS AND DISCUSSION

5.1 SYNTHESIS AND STRUCTURAL CHARACTERIZATIONS

5.1.1 X-RAY DIFFRACTION (XRD)

The NiFeCuMgIn HE-LDH electrocatalysts were successfully synthesized using
a hydrothermal treatment method. The synthesis yielded fine powders with a
characteristic layered morphology, indicative of the successful formation of the LDH
structure. The crystalline structure and phase purity of the synthesized LDHs were
investigated by XRD.

As shown in Figure 15 (a). All the as-synthesized samples, including NiFe LDH,
NiFeCu ME-LDH, NiFeCuMg ME-LDH, and NiFeCuMgln HE-LDH, exhibit
characteristic diffraction peaks corresponding to the LDH structure with an important
20 shift. The observed reflections at 20 = 11.4°, 22.9°, 34.5°, 38.7°, 46.9°, 60.8°, and
62.1° can be indexed to the (003), (006), (012), (015), (018), (110), and (113) planes,
respectively, in a good agreement with the standard hydrotalcite-like LDH phase
(JCPDS no. 40-0215). No secondary phases or impurity peaks were appeared,
suggesting the effective incorporation of all five metal cations into a single-phase solid
solution and affirming the phase purity and crystallinity of the synthesized HE-LDHs.
The retention of well-defined LDH peaks across all samples suggests that the
introduction of multiple metal cations, including Cu, Mg, and In, does not disrupt the
fundamental layered structure. Notably, a slight broadening and shift in peak positions
is observed with increasing compositional complexity (from binary NiFe to quinary
NiFeCuMgln), which can be attributed to lattice distortion induced by the incorporation
of multiple cations with varying ionic radii. This shift depicted from the enlarged in
Fig. 15 (b) further confirms the successful incorporation of the elements to the latice of
NiFeLDH to the formation of high-entropy LDH phases, characterized by
homogeneous distribution of metal species within the brucite-like layers. These results
indicate that the high-entropy strategy effectively stabilizes the LDH structure while
incorporating diverse metal species, paving the way for tunable electronic properties
and enhanced catalytic activity.

Figure 15 (c) displays the XRD patterns of NiFeCuMgIn et-HELDH subjected
to chemical etching for different durations (10, 20, 30, and 60 minutes), compared with
the pristine (non-etched) HE-LDH sample. The preserved peak positions across all
etched samples indicate that the LDH crystalline phase remains intact during the
etching process. However, subtle variations in peak intensity and broadening are
observed as etching time increases. Notably: After 10 and 20 minutes of etching, the
peak intensities are slightly reduced, and peak broadening becomes more apparent,
suggesting partial etching, reduced crystallite size, and increased structural disorder.
Etching for 30 and 60 minutes leads to further intensity reduction, particularly in the
(003) and (006) planes, indicating a progressive disruption of the long-range stacking
order in the LDH layers. This is consistent with increased delamination or partial
amorphization often reported in chemically etched LDHs.
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Figure 15. XRD pattern of all samples, (a) NiFe LDH, NiFeCu ME-LDH, NiFeCuMg
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5.1.2 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)

In Figure 16, the XPS spectra collected for four different samples; NiFe LDH, HE-LDH,
et-HELDH, and et-HELDH post-stability, provide insight into the surface elemental
composition and electronic states of the catalysts. All samples consistently show the
coexistence presence of Ni, Fe, O, and C, with Cu, Mg, and In appearing in HE-LDH and etched
samples. High-resolution core-level analysis further elaborates the chemical environments of
key elements. The C 1s region displayed three deconvoluted peaks centered at ~284.8 eV (C—
C/C-H, graphitic carbon), ~286.5 eV (C-O/C-OH), and ~288.8 eV (O—C=0), indicating
various carbon bonding environments. The O 1s region revealed three distinct peaks: 529.4,
531.0,and 532.5 eV (Figure 16 (e), (f), (g), and (h)). Those peaks are ascribed to oxygen atoms
bound to metals (O1), defect sites (O2), and hydroxyl groups or adsorbed oxygen (O3),
respectively.l?2!)

Ni 2p and Fe 2p peaks dominate, confirming these as primary metals in the catalyst. Cu,
Mg, and In show lower atomic concentrations due to their lower molar ratio in synthesis. The
Ni 2p peaks at 855.7-857.3 eV confirm Ni species exists in the form of Ni*". The Fe 2p peaks
at 711.1-711.9 eV confirm Fe species exists in the form of Fe*". The Cu 2p peaks at 933.5-
933.6 €V confirm Cu species exists in the form of Cu?**. The In 3d peaks at 444.5-446.3 eV
confirm In species exists in the form of In** (Figure S9, S10, S11, S12) (Supplementary data).
Post-Stability Sample, Detected additional F 1s (689.4 ¢V) and N 1s (398—400 eV) possibly
due to: electrolyte contamination or residuals from long-term testing. Fe signal dropped
significantly, suggesting leaching or surface restructuring. O 1s peak shift and distribution
changes indicate modifications in surface oxygen species after long-term operation. Ni, Cu, In
maintained surface presence, indicating better stability compared to Fe.

These XPS findings validate the successful incorporation of multiple metal species (Ni,
Fe, Cu, Mg, In) into the LDH framework and their chemical stability post-exfoliation and
operation. The enhancement in electrochemical performance correlates well with: Increased
surface hydroxyls (favorable for catalytic activity), strong metal-oxygen bonding, retained
oxidation states, modest surface composition changes after durability testing.
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Figure 16. XPS spectrum of, (a) NiFe LDH, (b) HE-LDH, (c) et-HELDH, (d) et-
HELDH post stability, (¢) XPS spectrum of the O element of NiFe LDH, (f) XPS
spectrum of the O element of HE-LDH, (g) XPS spectrum of the O element of et-
HELDH, and (h) XPS spectrum of the O element of et- HELDH post stability.
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5.2 ELECTROCATALYTIC PERFORMANCE

5.2.1 LINEAR SWEEP VOLTAMMETRY (LSV) - HER

The electrocatalytic activity of the synthesized catalysts toward the HER was
assessed using LSV in 0.5 M KOH solution at a scan rate of 10 mV/s versus the RHE.
The results for various catalyst compositions were conducted at current density of
50 mA/cm?.

Figure 17 (a) compares the HER polarization curves of four samples: NiFe-LDH,
NiFeCu ME-LDH, NiFeCuMg ME-LDH, and NiFeCuMgln HE-LDH. A clear
improvement in HER activity is observed with increasing compositional complexity.
The overpotential decreased from 507 mV for NiFe-LDH to 444 mV for NiFeCu ME-
LDH, and further to 386 mV for NiFeCuMg ME-LDH. The best performance among
these was achieved by the NiFeCuMgIln HE-LDH, which exhibited a significantly
reduced overpotential of 321 mV. This progressive enhancement can be attributed to
the synergistic effects arising from the incorporation of multiple metal cations, which
improve charge transfer characteristics, increase active site density, and modulate the
electronic structure of the catalyst.

To further improve catalytic performance of the synthesized HE-LDH, the
etching process was carried out using a two-step liquid-phase for varying etching times:
10, 20, 30, and 60 minutes. As shown in Figure 17 (b), the etched samples showed a
further reduction in overpotential, with the 20-minute etched sample demonstrating the
most optimal HER activity. The overpotential was reduced from 321 mV for HE-LDH
to 187 mV after 20 minutes etching. However, beyond this duration, performance began
to slightly deteriorate, with overpotentials increasing to 387 mV for 60-minute etched
sample. The initial improvement is attributed to the enhanced electrochemical surface
area, increased exposure of catalytically active sites, and better electron transport
resulting from the thinner, delaminated structure. On the other hand, extended etching
times may lead to nanosheet restacking or structural degradation, which could reduce
the accessibility of active sites.

In summary, both high-entropy engineering and controlled etching significantly
improve the HER catalytic activity. The HE-LDH demonstrated superior activity
compared to binary and medium-entropy analogs, and the 20-minute et-HELDH
achieved the best overall performance, making it a highly promising candidate for
efficient alkaline hydrogen production.
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Figure 17. (a) LSV polarization curves showing HER performance of NiFe-LDH, NiFeCu
ME-LDH, NiFeCuMg ME-LDH, and NiFeCuMgIn HE-LDH, (b) HER activity comparison of
HE-LDH and et-HE-LDH samples at different etching times (10, 20, 30, and 60 minutes),
showing best performance for the 20-minute etched sample.
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5.2.2 TAFEL PLOTS - HER

To further investigate the kinetic behavior of HER, Tafel plots were derived from
the LSV data. The results for various catalyst compositions are illustrated in Figure 18
(a), while the impact of etching on the HE-LDH is shown in Figure 18 (b).

As presented in Figure 18 (a), the Tafel slope for NiFe-LDH was 266.61
mV/dec, indicating slow kinetics and high energy barriers for HER. The introduction
of Cu into the LDH structure improved the kinetics slightly, as reflected in the Tafel
slope of 226.82 mV/dec for NiFeCu ME-LDH. Further addition of Mg resulted in a
more pronounced enhancement, lowering the slope to 194.74 mV/dec for NiFeCuMg
ME-LDH. The NiFeCuMgIn HE-LDH, which incorporates a high-entropy
composition, exhibited the lowest Tafel slope of 145.52 mV/dec among all the non-
etched samples. This improvement underscores the synergistic effects among multiple
metal cations, which optimize hydrogen adsorption, promote electron transfer, and
create a favorable catalytic environment for HER in alkaline media.

Figure 18 (b) compares the Tafel slopes of HE-LDH and et-HELDH to assess
the impact of etching on reaction kinetics. The etched sample showed a slightly lower
Tafel slope of 136.69 mV/dec, compared to 145.52 mV/dec for the HE-LDH. This
reduction confirms that etching not only increases the electrochemical surface area but
also enhances the availability of active sites and the accessibility of electrons and
protons, resulting in faster reaction kinetics.

In conclusion, Lower Tafel slopes indicate faster kinetics and more efficient
electron transfer. The HE-LDH and et-HELDH catalysts demonstrate excellent reaction
kinetics. Tafel slope analysis aligns with the LSV results, demonstrating that both high-
entropy composition and controlled etching significantly improve HER kinetics. The
combination of these two strategies enables the development of highly efficient, noble-
metal-free electrocatalysts suitable for practical hydrogen production.

0.30
'NiFe LDH al | HE-LDH b
NiFeCuME-LDH < {..... Exfoliated HE-LDH
0.32 NiFeCuMg ME-LDH —
S NiFeCuMgin HE-LDH_ . >0.25+
= ol mylcec | = 145.52 mV/dec
— 1] oo
{%0.28 J / 226.82 mV/dec "E' /
g / 19474 mVided £0-201 .o
0 | / o 136.69 mVidec
§024' E’ /"--
> { ..
o 145.52 mV/dec ©0.15
0.20 4
T T T T T L] 0-10 T T T T T T
0.85 0.90 0.95 1.00 1.05 1.10 1.15 0.85 0.90 0.95 1.00 1.05 1.10 1.15
loa [i(mA/cm)1 loa li(mA/ecm”)]

Figure 18. (a) Tafel plots for HER showing the improved reaction kinetics with increasing
compositional complexity: NiFe-LDH, NiFeCu ME-LDH, NiFeCuMg ME-LDH, and
NiFeCuMgIn HE-LDH, (b) Comparison of Tafel slopes for HE-LDH and et-HELDH ,
illustrating the kinetic advantage gained from etching.
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5.2.3 LINEAR SWEEP VOLTAMMETRY (LSV) - OER

The electrocatalytic activity of the synthesized catalysts toward the OER was
assessed using LSV in 0.5 M KOH solution at a scan rate of 10 mV/s versus the RHE.

The results for various catalyst compositions were conducted at current density of
10 mA/cm?.

Figure 19 (a) compares the OER polarization curves of four samples: NiFe-LDH,
NiFeCu ME-LDH , NiFeCuMg ME-LDH, and NiFeCuMgln HE-LDH. A clear
improvement in OER activity is observed with increasing compositional complexity.
The overpotential required decreased from 169 mV for NiFe-LDH to 158 mV for
NiFeCu ME-LDH, and further to 153 mV for NiFeCuMg ME-LDH. The best
performance among these was achieved by the NiFeCuMgIn HE-LDH, which exhibited
a significantly reduced overpotential of 150 mV

As shown in Figure 19 (b), the 20-min et-HELDH outperformed the HE-LDH,
reducing the overpotential to 143 mV. This enhancement is a result of increased surface
area, improved exposure of active sites, and better charge transport facilitating more
efficient reaction pathways.

In summary, both high entropy composition and controlling etching significantly
improve OER catalytic activity. The NiFeCuMgln et-HELDH catalyst demonstrates
the most promising performance, with a substantially reduced overpotential and
enhanced current response. These results underscore the potential of entropy-
engineered and nanostructured LDH catalysts for use in efficient and sustainable
alkaline water electrolysis systems.
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Figure 19. (a) LSV polarization curves showing OER performance of NiFe-LDH, NiFeCu
ME-, NiFeCuMg ME-LDH, and NiFeCuMgIn HE-LDH, (b) Comparison of OER performance
between HE-LDH and et-HELDH, highlighting performance enhancement after etching.
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5.2.4 TAFEL PLOTS - OER

To further investigate the kinetic behavior of the OER, Tafel plots were derived
from the LSV data. The results for various catalyst compositions are illustrated in
Figure 20 (a), while the impact of etching on the HE-LDH is shown in Figure 20 (b).

As shown in Figure 20 (a), the Tafel slopes for NiFe-LDH, NiFeCu ME-LDH,
NiFeCuMg ME-LDH, and NiFeCuMgIn HE-LDH were found to be 226.64 mV/dec,
161.74 mV/dec, 146.45 mV/dec, and 102.03 mV/dec, respectively. The progressive
decrease in Tafel slope clearly reflects the enhanced OER kinetics with the
incorporation of additional metal elements, attributed to increased active site

availability, modified electronic structure, and synergistic interactions among the
constituent metals.

Figure 20 (b) compares the Tafel slopes of HE-LDH and et-HELDH. The etched
sample exhibited a significantly reduced Tafel slope of 87.98 mV/dec, compared to
102.03 mV/dec for HE-LDH. This improvement highlights the beneficial effect of
etching, which enhances mass transport and facilitates better exposure of active
catalytic sites by increasing surface area and reducing the diffusion pathway for ions.

In conclusion, the Tafel analysis supports the findings from LSV data,
confirming that both high-entropy design and etching contribute significantly to the
improved OER performance by accelerating reaction kinetics and lowering the
activation energy barrier.
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Figure 20. (a) Tafel plots for NiFe-LDH, NiFeCu ME-LDH, NiFeCuMg ME-LDH, and
NiFeCuMgIn HE-LDH, showing progressive improvement in OER kinetics., (b) Comparison
of Tafel slopes between HE-LDH and et-HELDH, indicating enhanced kinetic performance
after etching.
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5.2.5 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY (EIS) —
HER & OER

EIS was employed to gain further insight into the interfacial charge transfer
behavior and electrochemical conductivity of the synthesized LDH catalysts during
HER and OER. Nyquist plots obtained from EIS measurements for various catalyst
compositions are presented in Figure 21, where the semicircular regions reflect the
charge transfer resistance (R() at the catalyst electrolyte interface.

The NiFe-LDH exhibits the largest semicircle, corresponding to the highest R
value of approximately 160 Q, indicating poor electrical conductivity and sluggish
charge transfer kinetics. With the incorporation of additional metal elements, the charge
transfer resistance is significantly reduced. The R values for NiFeCu ME-LDH,
NiFeCuMg ME-LDH, and NiFeCuMgIn HE-LDH were found to be approximately
110 Q, 85 Q, and 65 Q, respectively. The progressive reduction in resistance with
increasing compositional complexity highlights the impact of high-entropy design in
facilitating charge transport and improving catalytic activity.

The most pronounced improvement is observed for the et-HELDH, which
exhibits the smallest semicircle with an Rt value of only 25 Q. This dramatic reduction
in resistance confirms that etching further enhances electrochemical performance by
increasing the surface area, improving the exposure of active sites, and shortening the
electron diffusion path through thinner, more conductive nanosheets.

These findings strongly agree with the LSV and Tafel results discussed earlier.
The decrease in Re across the series correlates directly with the observed improvement
in HER and OER activity, reinforcing the conclusion that both compositional tuning
via high entropy alloying and structural optimization via etching are effective strategies
to enhance electrocatalyst efficiency.
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Figure 21. Nyquist plots from EIS showing the charge transfer resistance of NiFe-LDH,
NiFeCu ME-LDH, NiFeCuMg ME-LDH, NiFeCuMgIn HE-LDH, and et-HELDH.
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5.2.6 ELECTROCHEMICAL ACTIVE SURFACE AREA (ECSA) —
HER & OER

CV was performed to estimate the ECSA of the synthesized LDH catalysts,
which directly correlates with the number of accessible catalytic sites. The ECSA was
evaluated by measuring the double-layer capacitance (Cqi) from CV curves obtained at
various scan rates in a non-faradaic region (Figure S12) (Supplementary data). The
relationship between current density and scan rate for each catalyst, with the slope of
each linear fit corresponding to the Cq value is plotted in Figure 22.

The NiFe-LDH sample showed the lowest Cai of 0.079 mF/cm?, indicating a
relatively small electroactive surface area. With the addition of Cu, the Cqa slightly
increased to 0.085 mF/cm? for NiFeCu ME-LDH. The incorporation of Mg further
improved this to 0.11 mF/cm? in the NiFeCuMg ME-LDH sample. A substantial
increase was observed for the NiFeCuMgIn HE-LDH, which achieved a Cq of 0.21
mF/cm?, highlighting the positive impact of entropy-driven compositional complexity
in increasing accessible active sites.

The most significant enhancement was obtained with the et-HELDH, which
exhibited the highest Cq value of 0.32 mF/cm?. This enhancement compared to HE-
LDH is attributed to the successful etching process, which delaminates the layered
structure, reduces thickness, and exposes a larger number of surface-active regions to
the electrolyte. As a result, the et-HELDH catalyst possesses more readily available
active sites for charge transfer and reactant adsorption during both HER and OER
processes.

Overall, the CV-derived Cq results reinforce the earlier LSV, Tafel, and EIS findings,
confirming that both HE-LDH and et-HELDH play key roles in enhancing
electrocatalytic efficiency. The improvements observed at ECSA correlate strongly
with the superior performance of the et-HELDH catalyst, further validating its potential
for advanced energy conversion applications.
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Figure 22. Cy values of NiFe-LDH, NiFeCu ME-LDH, NiFeCuMg ME-LDH, NiFeCuMgIn
HE-LDH, and et-HELDH.
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5.2.7 LINEAR SWEEP VOLTAMMETRY (LSV) - EOR

The EOR performance of the synthesized HE-LDH catalysts was evaluated in a
mixed electrolyte solution containing 1 M ethanol and 0.5 M KOH at a scan rate of 10
mV/s versus the RHE. The results for various catalyst compositions were conducted at
current density of 10 mA/cm?.

Figure 23 compares the EOR polarization curves of two samples HE-LDH and
et-HELDH. The et-HELDH exhibits a significantly improved EOR performance
compared to the HE-LDH. The overpotential was reduced from 148 mV for HE-LDH
to 143 mV for et-HELDH, demonstrating enhanced catalytic activity upon etching. This
performance enhancement is attributed to the structural advantages provided by
etching. The process increases the electrochemically active surface area, promotes
better dispersion of active sites, and facilitates faster charge and mass transport. These
factors collectively result in improved ethanol oxidation kinetics and greater utilization
of the catalyst surface. In summary, the LSV analysis confirms that etching
significantly enhances the EOR activity of HE-LDH catalysts
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Figure 23. LSV polarization curves for EOR performance of HE-LDH and et-HELDH,
highlighting performance enhancement after etching.
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5.2.8 TAFEL PLOTS - EOR

To further assess the kinetics of ethanol electrooxidation, Tafel slope analysis
was carried out for both HE-LDH and et-HELDH catalysts as shown in Figure 24.
Tafel plots were derived from the LSV data.

The et-HELDH exhibited a markedly lower Tafel slope of 56.83 mV/dec,
compared to 100.01 mV/dec for the HE-LDH. This significant reduction in Tafel slope
confirms that etching enhances the intrinsic catalytic kinetics of the material, allowing
faster charge transfer and more efficient ethanol oxidation.

The improvement is attributed to the increased accessibility of active sites and
shortened electron diffusion paths in the etched sample. The higher surface area and
better exposure of edge and basal planes achieved through etching reduce the energy
barriers associated with intermediate formation during the EOR process.

Overall, the Tafel slope analysis aligns with the LSV findings, reinforcing the
conclusion that et-HELDH offers superior ethanol oxidation kinetics. This
enhancement makes et-HELDH a highly promising and efficient electrocatalyst for
integrated energy conversion technologies involving alcohol fuels.
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Figure 24. Tafel plots for NiFeCuMgIn HE-LDH and et-HELDH, indicating enhanced kinetic
performance after etching.
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5.2.9 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY (EIS) -
EOR

EIS was conducted to further investigate the interfacial charge transfer resistance
associated with the EOR for both HE-LDH and EXHELDH. The Nyquist plots
obtained from EIS measurements are shown in Figure 25, where the diameter of the
semicircle reflects the magnitude of the charge transfer resistance (Rct) at the catalyst
electrolyte interface.

The HE-LDH (red curve) exhibits a significantly larger semicircle with a high
R¢t of approximately 125 Q, indicating slower electron transfer and less efficient
catalytic performance. In contrast, the et-HELDH (blue curve) displays a much smaller
semicircle, corresponding to a greatly reduced R¢¢ of about 40 Q. This substantial
decrease in resistance demonstrates that etching dramatically improves the electronic
conductivity and interfacial kinetics of the catalyst during ethanol oxidation.

The reduced charge transfer resistance in the etched sample is attributed to its
expanded surface area, better exposure of active sites, and thinner nanosheet
morphology, all of which contribute to more efficient mass and electron transport.
These features lower the energetic barriers for charge transfer processes and enhance
the overall electrocatalytic performance.

In summary, the EIS results strongly support the earlier LSV and Tafel analyses,
confirming that et-HELDH provides a more favourable interfacial environment for
EOR. The significant drop in R demonstrates the effectiveness of etching as a strategy
for boosting catalytic efficiency and highlights the potential of et-HELDH as a robust
anodic material for ethanol-assisted energy conversion systems.
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Figure 25. Nyquist plots showing the charge transfer resistance of HE-LDH and et-HELDH
during ethanol electrooxidation, illustrating improved interfacial conductivity after etching.
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5.2.10 ELECTROCHEMICAL ACTIVE SURFACE AREA (ECSA) -
EOR

CV was conducted in the non-faradaic potential region to estimate the ECSA of
both HE-LDH and et-HELDH during the EOR (Figure S13) (Supplementary data).

As shown in Figure 26, the calculated Ca values reveal that et-HELDH exhibits
a slightly higher electrochemical surface area than HE-LDH. Specifically, the Cq; of et-
HELDH was found to be 0.04 mF/cm?, compared to 0.02 mF/cm? for HE-LDH. While
these values are relatively low, likely due to the partial blocking of active sites by
ethanol intermediates during measurement they still indicate improved accessibility and
electrochemical responsiveness in the etched material.

The higher Cq1 of et-HELDH suggests that etching enhances the effective surface
area available for catalysis, contributing to its superior performance in EOR, as
demonstrated by earlier LSV, Tafel, and EIS results. The structural delamination
achieved through etching likely improves electrolyte penetration and charge
distribution, both of which are crucial for multi-step oxidation reactions such as EOR.

In conclusion, the CV analysis further confirms that et-HELDH possesses a
larger electroactive surface and greater catalytic potential compared to the non-etched
sample. These findings reinforce the value of etching as a structural engineering
approach for improving the efficiency of high-entropy catalysts in alcohol
electrooxidation applications.
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Figure 26. Cq values of HE-LDH and et-HELDH, indicative of increased electrochemical
surface area during EOR.
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5.3 STABILITY AND DURABILITY STUDIES

Figure 27 illustrates the long-term electrochemical stability of the et-HELDH
catalyst via chronoamperometric measurements conducted over a continuous 100 hours
under constant current conditions. The test was performed for both HER and EOR.

The black line, representing HER, shows no obvious deterioration, indicating
excellent catalytic stability under prolonged reductive conditions. The red line,
corresponding to EOR, remains constant throughout the duration of the test,
demonstrating strong oxidative stability and structural integrity of the catalyst. This
highlights the strong structural and chemical stability of the etched catalyst, even in the
more complex and aggressive environment posed by organic molecule oxidation,
making it a promising candidate for long-term operation in integrated water splitting
and alcohol electrooxidation systems. These findings reinforce the practical potential
of entropy-engineered and etched LDH materials for real-world clean energy
applications.
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Figure 27. Chronopotentiometry curve of the et-HELDH for HER (black), and for
EOR (red).
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5.4 POST-STABILITY STRUCTURAL ANALYSIS

To assess the structural stability of the et-HELDH catalyst after extended
electrochemical operation, XRD analysis was performed before and after the 100-hour
stability test. The resulting diffraction patterns are presented in Figure 28, where the
black curve corresponds to the sample before stability testing, and the red curve
corresponds to the same sample after durability assessment.

Before the test, the catalyst exhibits sharp and well-defined diffraction peaks at
20~=11.4°,22.9°, and 34.5°, assigned to the (003), (006), and (012) planes of the typical
hydrotalcite-like LDH phase. This confirms the presence of a highly ordered layered
structure in the et-HELDH. Following 100 hours of operation, the main LDH peaks
remain clearly visible in the red curve, indicating preservation of the layered crystalline
structure. However, a broad peak appears at 26.0° in good agreement with (JCPDS no.
41-1487), corresponds to the (002) plane of graphitized carbon from carbon cloth
substrate, used as the working electrode. Carbon materials typically exhibit amorphous
or graphitic features in this range, and their contribution becomes more pronounced
after prolonged operation due to enhanced surface interaction or partial exposure. A
peak at around 30.3° is often associated with NiO, Fe>Os, or mixed metal oxide phases,
indicating oxidation of the original LDH structure during prolonged electrochemical
operations. Importantly, the LDH phase is retained, and no other significant new phases
or decomposition products are detected, highlighting the excellent phase stability and
structural resilience of et-HELDH under the harsh operational conditions. These results
align with the electrochemical stability data, reinforcing the catalyst’s robustness for
long-term water splitting and ethanol oxidation applications.
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Figure 28. XRD patterns of et-HELDH before and after 100-hour electrochemical stability
testing.
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5.5 COMPARISON WITH BENCHMARK CATALYSTS

To assess the electrocatalytic efficiency and practical viability of the synthesized
NIFeCuMgln et-HELDH, its electrocatalytic performance was compared with state-of-
the-art conventional benchmark catalysts commonly reported in the literature for HER,
OER, and EOR. These benchmarks include commercially available or literature-
reported catalysts such as Pt/C (for HER), and RuO-/IrO: (for OER and EOR),

Table 2 illustrates the HER performance where the et-HELDH exhibits a low
overpotential of 187 mV and a Tafel slope of 136.6 mV dec™’, outperforming many
traditional non-noble metal-based catalysts and approaching the activity of Pt-based
systems. Table 3 outline the OER performance. The et-HELDH shows excellent
activity with a significantly reduced overpotential to 143 mV and a favorable Tafel
slope of 87.9 mV dec™, demonstrating competitiveness against RuO and IrO.-based
materials. To further enhance the reaction kinetics, the sluggish OER was strategically
replaced with the more thermodynamically favorable EOR. The et-HELDH shows
excellent activity with a significantly reduced Tafel slope to reach 56.83 mV dec™.
These results collectively highlight the trifunctional activity and robustness of the
developed HE-LDH catalyst, validating its potential as a highly effective and
economical candidate for integrated electrochemical applications compelling next-
generation platform for sustainable and scalable electrochemical energy technologies.

Catalysts Electrolyte | Substrate | Overpotential | Tafel slope Ref.
(mV vs RHE) | (mV dec™)
(-10 mA.cm?)
Pt-C 0.1 M KOH NF 37 31 [222]
NiFeCr 1 M KOH CcC 356 231 [223]
ME-LDH
NiFeCoCuMn 1 M KOH GC 445 - [224]
HEA
NiFeCoCuMo 1 M KOH GC 286 125 [224]
HEA
NiFeCoCuCr 1 M KOH NF 545 231 [225]
HE-LDH
NiFeCuMgIn 0.5 M KOH NF 187 136.6 This work
et-HELDH

Table 2. Comparison of HER performance of various electrocatalysts.
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Catalysts Electrolyte | Substrat Overpotential Tafel slope Ref.
e (mV vs RHE) | (mV dec™)
(-10 mA.cm?)
IrO2 1 M KOH GC 300 76 [226]
RuO» 0.5 M KOH GC 373 70 [227]
NiFeMn ME-LDH | 1 M KOH NF 474 99 [227]
NiFeCoCuMn 1 M KOH GC 480 - [224]
HEA
NiFeMgCoAl 1 M KOH CC 230 - [228]
HE-LDH
NiFeCuMnAl 1 M KOH NF 208 - [229]
HE-LDH
NiFeCuMnCo 1 M KOH NF 323 85.5 [230]
HE-LDH
NiFeCuMgIn 0.5 M KOH NF 143 87.9 This work
et-HELDH
NiFeCuMgIn 0.5 M KOH NF 143 56.83 This work
et-HELDH + 1 M EtOH

Table 3. Comparison of OER performance of various electrocatalysts.
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CHAPTER 6. CONCLUSIONS AND FUTURE
DIRECTIONS

This study demonstrated the successful design, synthesis and characterization of
NiFeCuMgIn HE-LDH with excellent trifunctional electrocatalytic performance for
HER, OER, and EOR in alkaline media, achieving substantial improvements in
catalytic activity, stability, and energy efficiency. The experimental results showed that
the entropy driven stabilization of multiple metal cations within a layered hydroxide
framework not only preserved structural integrity but also enabled synergistic
interactions among the constituent metals. This led to enhanced redox dynamics,
optimized charge transfer, and increased electrochemically active surface area. Among
the various samples tested, 20 minutes et-HELDH exhibited the best performance
metrics, owing to improved nanosheet dispersion and maximized active site exposure.
The substitution of traditional OER with EOR in water electrolysis offered a significant
energetic advantage, effectively improving the kinetics for anodic reactions and
increasing overall hydrogen production efficiency. This ethanol assisted approach also
introduces value added products and improves the safety profile by eliminating oxygen
gas evolution.

6.1 KEY FINDINGS AND THEIR IMPLICATIONS

Key findings from this study include significant reductions in overpotentials for
all three reactions upon the introduction of entropy stabilized multimetallic
compositions. The 20 minutes et-HELDH sample showed the best electrochemical
performance, with HER overpotential reduced to 187 mV, OER and EOR reduced to
143 mV, . Tafel slope analysis and EIS revealed faster reaction kinetics and reduced
charge transfer resistance. Furthermore, long-term durability tests over 100 hours
confirmed the structural robustness and sustained catalytic performance of the et-
HELDH catalyst. The replacement of the sluggish OER with EOR in water electrolysis
also enabled a significant reduction in energy input, promoting the generation of high-
purity hydrogen while offering the potential for valuable byproduct formation from
ethanol oxidation.

6.2 LIMITATIONS OF THE CURRENT STUDY

Despite these promising results, the study had several limitations. The
mechanistic understanding of the individual roles of each metal cation remains limited.
Due to the compositional complexity inherent to high entropy systems, it is challenging
to isolate and quantify the specific contribution of each element to the overall catalytic
behavior. This hampers the ability to establish precise structure—activity relationships.
Additionally, the etching process, while effective, was not optimized for precise control
over nanosheet thickness and uniformity, which may affect reproducibility. The
durability tests were conducted under laboratory-scale conditions and moderate current
densities, which may not fully reflect the stability and performance of the catalysts in
industrial applications. Further, the selectivity and product distribution of the EOR were
not comprehensively studied, which limits the understanding of the economic and
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environmental implications of the anodic oxidation products. The electrochemical
testing was conducted exclusively under alkaline conditions; the performance and
stability of the HE-LDHs in acidic or neutral media remain uninvestigated, which could
restrict broader applicability in different electrochemical environments.

6.3 SUGGESTIONS FOR FUTURE RESEARCH

Building upon the outcomes and limitations of the current study, several
promising avenues are suggested for future research to further advance the design and
application of HE-LDHs as efficient, multifunctional electrocatalysts. Future efforts
should focus on optimizing electrocatalyst composition and structure through defect
engineering, surface modification, and composite design. Expanding the compositional
space of HE-LDHs through systematic variation in elemental combinations and
stoichiometric ratios could offer deeper insights into the individual and synergistic roles
of each metal. Investigating how different cationic configurations influence the
electronic structure, active site density, and catalytic kinetics will enable more rational
and targeted design strategies. In particular, introducing other redox-active or
electronically modulating elements could further enhance performance across HER,
OER, and EOR.

Additionally, understanding the fundamental differences between OER and
alternative anodic reactions (AORs) such as EOR is critical for improving reaction
selectivity and controlling the formation of desired products. In-depth mechanistic
studies using in-situ/operando spectroscopic techniques and density functional theory
(DFT) simulations can provide insights into intermediate species and active site
behavior. Profiling and selectivity analysis of EOR reactions using analytical tools like
GC-MS and HPLC would also be essential to assess the commercial viability of the
generated byproducts. Moreover, to gain a deeper mechanistic understanding, the
application of in situ and operando characterization methods is highly recommended.
Techniques such as operando X-ray absorption spectroscopy (XAS) and Raman
spectroscopy, can reveal dynamic changes in oxidation states, surface reconstruction,
and active site evolution during electrocatalytic operation, helping to identify the true
catalytic centers and reaction pathways. Another important direction involves the
integration of HE-LDHs into complete electrochemical devices. Testing these materials
in practical setups such as full water electrolyzers, direct ethanol fuel cells, or hybrid
energy storage systems will allow assessment of their long-term durability, energy
efficiency, and scalability under realistic operating conditions, which is essential for
industrial translation.

In conclusion, HE-LDH represent a promising pathway for advancing next-
generation electrochemical energy systems. Integrating water splitting with ethanol
electrooxidation enables efficient, sustainable, and cost-effective hydrogen production.
Combining experimental research with computational tools such as DFT and machine
learning can accelerate the discovery and optimization of catalyst formulations, paving
the way for innovative and scalable green energy solutions. Together, these future
research directions will not only deepen scientific understanding of high entropy
electrocatalysts but also facilitate their practical implementation in sustainable energy
technologies.
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APPENDICES

SUPPLEMENTARY DATA

S1. Material Characterization Techniques

The samples' crystalline structure and phase composition were examined using
X-ray diffraction (XRD) on a TZY-XRD (D/MAX-TTRIII(CBO)) system with Cu—Ka
radiation (A = 1.5418 A). The morphology and microstructure were characterized
through Scanning Electron Microscopy (SEM) on a Hitachi S4800 field-emission
scanning electron microanalyzer coupled with energy-dispersive X-ray spectroscopy
(EDX). High-resolution Transmission Electron Microscopy (HR-TEM) and High
Angle Annular Dark Field — Scanning Transmission Electron Microscopy (HAADF-
STEM) micrographs were also recorded via Nancy JEOL ARM 200F with 2 CS
correctors. The TEM has an in Nancy: MSC794 camera Gatan one view, JEOL HAADF
detector, and a double-tilt sample holder.

S2. Electrochemical Measurements

Typically, electrochemical performance was measured using a Biologic
electrochemical workstation instrument with techniques like Linear scanning
voltammetry (LSV), cyclic voltammetry (CV), chronopotentiometry (CP), and
Electrochemical impedance spectroscopy (EIS). All the electrochemical experiments
were carried out in a three-electrode set-up (Ag/AgCl-reference, carbon black-graphite
composite (CB/Gr)-counter, and as-prepared catalysts-working electrode, electrolyte-
0.5 m KOH for HER and OER and mixed electrolyte solution containing 0.5 M KOH
and 1 M EtOH for EOR. Before measuring LSV, CV was performed at a scan rate of
50 mV s~! for 20 cycles to activate the surface of the catalyst. Then, LSV was carried
out at a scan rate of 10 mV s!. . Tafel plots, derived from LSV data, were used to
evaluate reaction kinetics and compare Tafel slopes across different reactions. The
electrochemical double-layer capacitance (Ca) of various electrocatalysts was also
obtained using the CV in the non-Faradic area at varied sweeping speeds spanning from
80mVs'to 200mVs!  Electrochemical impedance spectroscopy (EIS)
measurements were carried out from 0.01 to 100 000 Hz with an amplitude of 10 mV
and an overpotential of 1.1 V. The electrochemical double-layer capacitance, expected
to be linearly proportional to the Electrochemical active surface area (ECSA), was
determined by measuring the capacitive current at non-Faradic regions from scan rate-
dependent CV runs by the following equation: ECSA = Cq//Cs, where Cs and Cq are the
specific capacitance in an acidic medium (0.040 mF cm 2 for the KOH electrolyte) and
the specific capacitance of the double-layer region, respectively. In this work, All the
potentials were calibrated to reversible hydrogen electrode (RHE) according to the
equation: ERHg = Eag/agc1 +0.197 + 0.0591 x pH.
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Figure S4. SEM images of NiFeCuMgIn HE-LDH
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Figure S6. EDX maps of NiFeCu ME-LDH
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Figure S8.

EDX maps of NiFeCuMgIn HE-LDH
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Figure S9. XPS spectrum of the, (a) C 1s element of NiFe LDH, (b) Ni 2p element of
NiFe LDH, and (c) Fe 3p element of NiFe LDH
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Figure S10. XPS spectrum of the, (a) C 1s element of HE-LDH, (b) Ni 2p element of
HE-LDH, (c) Fe 3p element of HE-LDH, (d) Cu 2p element of HE-LDH, (E) Mg 1s
element of HE-LDH, and (f) In 3d element of HE-LDH.
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Figure S11. XPS spectrum of the, (a) C 1s element of et-HELDH, (b) Ni 2p element of
et-HELDH, (c) Fe 3p element of et-HELDH, (d) Cu 2p element of et-HELDH, (E) Mg
Is element of et-HELDH, and (f) In 3d element of et-HELDH.
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Figure S12. CV curves for different catalysts recorded in 0.5 M KOH at different scan rates.
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Figure 13. CV curves for different catalysts recorded in a mixed electrolyte solution containing
(0.5 M KOH + 1 M EtOH) at different scan rates.
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Chart 1. Summary of HER performance across all samples
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Chart 2. Summary of OER performance across all samples.
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Chart 3. Summary of EOR performance across HE-LDH samples.

83



